> 4 
" ^ 




■M 91 



HEAT-TRANSFER CHARACTERISTICS OF ; 
A SINGLE CIRCULAR AIR JET IMPINGING - 
ON A CONCAVE HEMISPHERICAL SHELL 


by John N. B. Liiingood and James W. Gauntner 

Lewis Research (hen ter 
Cleveland , Ohio 44/35 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. * AUGUST 1973 


1. Report No. 


2. Government Accession No. 


3. Recipient's Catalog No. 



16. Abstract 

An experimental study was made of the local and average heat-transfer characteristics of a 
single turbulent air jet impinging on the concave surface of a hemisphere. Correlations were 
developed for expressing the effects of a number of dimensionless variables on the local and 
average Nusselt numbers. Results of the present study are compared with those from a 
similar study concerning a concave surface of a semicylindrical shell. 


17. Key Words (Suggested by Author(s)) 

Impinging jet 

Concave hemispherical surface 
Heat-transfer data 


18. Distribution Statement 

Unclassified - unlimited 


19. Security Classif. (of this report) 

Unclassified 


20. Security Classif. (of this page) 

21. No. of Pages 

Unclassified 

15 


22. Price* 

$3.00 


For sale by the National Technical Information Service, Springfield, Virginia 22151 






















HEAT-TRANSFER CHARACTERISTICS OF A SINGLE CIRCULAR AIR JET 
IMPINGING ON A CONCAVE HEMISPHERICAL SHELL 
by John N. B. Livingood and James W. Gauntner 
Lewis Research Center 

SUMMARY 

An experimental study was made of the heat-transfer characteristics of a single 
turbulent air jet impinging on the concave surface of a hemispherical shell. Data were 
obtained for air jets of diameter 0.318, 0. 635, and 0.952 centimeter (0. 125, 0.250, 
and 0.375 in.), for nozzle-to-target separation distances of 3, 4, 5, 7, 10, and 14 noz- 
zle diameters, and for nozzle- to hemisphere -diameter ratios of 0.0207, 0.0413, and 
0. 062. Reynolds numbers based on nozzle diameter and nozzle exit velocity ranged 
from 13 000 to 83 000. 

Nusselt number correlations were obtained from local, stagnation- point, and aver- 
age data. Both the data and the correlations are presented. When compared with the 
correlations, both the stagnation- point and average data are generally within ±10 per- 
cent. 

A correlation for the ratio of local to average Nusselt number was also obtained and 
compared to a similar correlation for a semicylinder. The favorable comparison adds 
veracity to the semicylinder correlation, which can be used in the design of the leading- 
edge region of turbine vanes and blades. 


INTRODUCTION 

Experimentally determined heat-transfer characteristics for a single circular tur- 
bulent air jet impinging on a concave hemispherical surface are reported. Methods for 
correlating the stagnation-point, local, and average Nusselt numbers, and the ratio of 
local to average Nusselt numbers with geometrical parameters are presented. 

An effective method of cooling the leading-edge region of turbine vanes and blades 
is by impingement of cool air on the internal surface. Reference 1 presents a review of 
the available literature on impingement on a concave cylindrical surface and some ex- 



perimental average heat-transfer data. Reference 2 augments the results of reference 1 
by presenting experimentally determined local to average Nusselt number ratio corre- 
lations as a function of dimensionless parameters. 

This report presents empirical correlations for Nusselt numbers on the concave 
side of a hemispherical shell and compares one of these correlations with a similar 
correlation for a concave semicylindrical surface from reference 2. A favorable com- 
parison between these correlations will further verify the correlation of reference 2, 
which is used in the design of the leading-edge region of turbine vanes and blades. 

The data presented herein were obtained for a single circular air jet impinging on 
the concave surface of a hemispherical shell of inside diameter 15.36 centimeters 
(6. 05 in. ). Air jets of diameters 0. 318, 0. 635, and 0. 952 centimeter (0. 125, 0. 25, 
and 0.375 in. ) were considered with nozzle-to-target separation distances of 3, 4, 5, 

7, 10, and 14 nozzle diameters. Reynolds numbers based on nozzle diameter and noz- 
zle exit velocity ranged from 13 000 to 83 000. 

The data were obtained under supervision of Dr. Peter Hrycak at the Newark Col- 
lege of Engineering under NASA Contract NAS3- 11175. 


SYMBOLS 


A tot 

\ 

ag, . . . , 3-^ 

B 

c 

n 

D 

d 

Nu 0 , . . . , Nu 5 


Nu x 

Nu 

R 

Re 


hemispherical surface area 

cooled area along target measured from stagnation point 

correlation constants in eqs. (1), (2), (3), and (5) 

exponent defined by eq. (5) 

center-to-center nozzle separation distance 

target diameter 

nozzle diameter 

Nusselt numbers based on nozzle diameter related to calorimeter loca- 
tions 0 to 5 

local Nusselt number based on nozzle diameter 
average Nusselt number based on nozzle diameter 
radius of target semicylinder 

Reynolds number based on nozzle diameter and nozzle exit velocity 
nozzle-to-target separation distance 
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Subscripts: 
cor correlated 
exp experimental 


APPARATUS 

Heat-Transfer Surface 

The concave side of a smooth ebonite hemispherical shell 15.36 centimeters 
(6. 05 in. ) in diameter and 1. 83 centimeters (0. 72 in. ) thick formed the heat-transfer 
surface. Figure 1 shows this surface and the locations of 14 drilled holes in which 
calorimeters were placed to measure the heat flux. The ebonite shell and the calori- 
meters were secured tightly to a 0. 13-centimeter- (0. 05-in. -) thick brass hemispheri- 
cal shell (fig. 1). Good thermal contact between the ebonite shell and the brass shell 
and between the calorimeters and the brass shell was achieved by introducing a thin 
layer of silver- loaded epoxy at the interface. The test shell was maintained at a con- 
stant temperature by condensing steam from a boiler on the convex side of the brass 
shell. The brass shell was attached to the boiler by means of a flange. A rubber gasket 
prevented steam leakage at the connecting joint. 


Steam Boiler 

A 25. 4- centimeter- (10-in. -) long section of a steel pipe 24. 13 centimeters 
(9. 50 in. ) in diameter was used to fabricate the boiler. The boiler, which was vented 
to atmosphere, was partially filled with water and was equipped with a wire mesh just 
above the water level to prevent splashing of the boiling water to the convex side of the 
brass hemispherical shell. A 110- volt, 1000- watt ac immersion heater whose power 
input was regulated by a 20-ampere variable transformer was used to heat the water. 
The boiler was placed in a square plywood box filled with fiber glass insulation to mini- 
mize heat losses. The complete assembly was supported on a triangular stand with 
three threaded legs to enable leveling and vertical adjustment of the nozzle-to-target 
separation distance. 


Coolant Supply and Impingement Nozzles 

Air supplied by a compressor flowed through a filter and oil separator into a large 
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storage tank to provide a steady flow. From the storage tank, the air flowed through an 
inlet tank connected to a set of four rotameters in parallel. Depending on the flow rate, 
the flow was routed through a selected rotameter and into a tube connected to a plenum 
chamber. The air then passed through a single circular impingement nozzle and im- 
pinged on the concave side of the hemispherical test surface. Nozzles of diameter 
0. 318, 0. 635, and 0. 952 centimeter (0. 125, 0. 25, and 0. 375 in. ) were investigated at 
nozzle-to-target separation distances, 3, 4, 5, 7, 10, and 14 nozzle diameters. 

The rotameters were calibrated within an error of less than 1 percent of full scale. 
Air pressure was measured at the inlet of the rotameter with a Bourdon-type pressure 
gage with an assumed accuracy of ±0.34 newton per square centimeter (±0. 50 psia). 

The inlet valve was kept fully open, and the flow was controlled by adjusting the outlet 
valve of the rotameter. The air temperature in the rotameter was measured by a ther- 
mocouple placed in the pipe. 


Calorimeters 

Fourteen 304-stainless-steel calorimeters embedded at locations on the test surface 
as shown in figure 1 were used to measure the heat flux. A sketch of the calorimeter 
is shown in figure 2. Each calorimeter was 0.953 centimeter (0.375 in. ) in diameter 
and 1. 827 centimeters (0.719 in. ) long and contained two copper -constantan thermo- 
couples along its axis; the thermocouples were located 0. 140 centimeter (0. 055 in. ) 
from either end of the calorimeter. Each calorimeter was silver- soldered to a threaded 
bolt at the bottom and held in place on the surface by tightening a washer and nut. The 
calorimeters were enclosed in stainless- steel sleeves 1.11 centimeters (0. 44 in. ) in 
inside diameter and 0. 16 centimeter (0. 06 in. ) thick, press fitted at the bottom to the 
brass plate. At the top, the small gap between the calorimeter and the sleeve was 
closed with nonconducting silicon rubber, thus creating an air pocket which formed an 
effective insulation against heat transfer from the calorimeter side wall. 

Figure 1 shows provision for a single calorimeter at the stagnation point, two cal- 
orimeters at 11. 5° on either side of the stagnation point, two more calorimeters at 22° 
on either side of the stagnation point, and single calorimeters 35. 5°, 56°, and 80. 5° 
from the stagnation point; these latter three calorimeters are also duplicated at angles 
of 120° and 240° from the line of the other calorimeters (fig. 1). 


EXPERIMENTAL PROCEDURE 


After a nozzle was selected and installed and a nozzle-to-target separation distance 
was set, the apparatus was leveled in the horizontal plane directly below the impinging 
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jet. The center stagnation point was made to coincide exactly with the axis of the im- 
pinging jet. The air jet was adjusted to the required Reynolds number, and a set of 
data was taken. Other Reynolds numbers were considered and were obtained by adjust- 
ing the outlet values of the rotameter, and other sets of data were taken. 

The same procedure was followed for different nozzle-to-target separation dis- 
tances and different nozzle diameters. A total of 62 sets of data were taken for the fol- 
lowing conditions: 

(1) Nozzle diameters - 0.318, 0.635, and 0.952 centimeter (0.125, 0.250, and 
0.375 in.) 

(2) Reynolds numbers - 13 000 to 88 000 

(3) Nozzle-to-target separation distances - 3, 4, 5, 7, 10, and 14 nozzle diameters 
Forty-seven of these 62 sets of data were for nozzle-to-target separation distances less 
than or equal to 7. 


CORRELATION OF DATA 

In order to correlate the heat-transfer data, the effects on Nusselt number of the 
dimensionless parameters Re, d/D, z n /d, and A x /A tot must be investigated. (The 
last parameter is only required when local Nusselt numbers are considered. ) Correla- 
tions were determined for local, stagnation-point, and average Nusselt numbers, and 
for the ratio of local to average Nusselt numbers by obtaining least-square curve fits of 
the data to the following equations: 


Local: 


Stagnation point: 


Average: 



(1) 


( 2 ) 


(3) 


Ratio of local to average: 


Nu 

= (B 


1 ) 


Nu 



(4) 
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where 


a 

B = ag(Re) 
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(5) 


Although the ratio of local to average Nusselt numbers can be obtained by taking the 
ratio of equation (1) to equation (2), the expression given by equation (4) is used herein 
so that a direct comparison can be made with the results of reference 2. 

Since a separate correlation was obtained for the stagnation-point Nusselt number, 
the local Nusselt number correlation was limited to the five angular positions on the 
plate, distinct from the stagnation point, where heat-flux calorimeters were located 
(fig. 1(b)). The values of the local Nusselt numbers were obtained by averaging data for 
the several calorimeters of each angular position. In order to determine an average 
Nusselt number for the entire surface, it was necessary to determine weighting factors 
for each of the six local angularly spaced calorimeters. The weighting factors were 
calculated as the ratio of the area of shell segments to the area of the entire hemisphere. 
The weighting factors were found to be 0. 0101, 0.0364, 0.0829, 0.1840, 0.3246, and 
0.3621 for the calorimeter locations for the stagnation point and for successively larger 
angular positions, respectively. 


RESULTS AND DISCUSSION 

The data presented in table I were used in evaluating the coefficients and exponents 
of the dimensionless variables in equations (1), (2), (3), and (5). Maximum heat trans- 
fer for a jet impinging on a flat plate occurred when the nozzle-to-plate separation dis- 
tance was 7 nozzle diameters. With the assumption that similar conditions apply to a 
jet impinging on a hemispherical surface, two sets of correlations were determined for 
the data presented herein: one set for the case where z n /d < 7, and the other for the 
case where z n /d — 7. Coefficients and exponents for equations (1), (2), (3), and (5) are 
given for both ranges of z n /d in table n. However, the detailed discussion and graphi- 
cal presentations of the stagnation-point, local, and average Nusselt numbers, and the 
ratio of local to average Nusselt numbers in the following sections are limited to the 
range of z^/d values that are less than or equal to 7. 


Local Nusselt Numbers 

The correlation for the local Nusselt number for the case z n /d 7 was found to be 
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-0.306 


Nu x 


= 2.04(Re) 0 ' 586 




( 6 ) 


considering the 235 local off- stagnation- point Nusselt numbers obtained from table I. 
Figure 3 compares the correlated and experimental local Nusselt numbers. The 
stagnation- point Nusselt numbers are not included in this correlation. The circles, 
squares, and triangles represent the three nozzle sizes 0.318, 0. 635, and 0.925 centi- 
meter (0. 125, 0.250, and 0.375 in. ), respectively. For the range of conditions con- 
sidered, the figure shows most of the data are within about 10 percent of the correlated 
results. The constants and components for the cases z n /d > 7 are given in table II. 


Stagnation-Point Nusselt Numbers 

The correlation equation for the stagnation-point Nusselt number for z n /d s 7 was 
found to be 


Nu 


0 


1.04(Re) 0 - 554 




( 7 ) 


when all 47 sets of data were considered. Figure 4 compares the correlated and exper- 
imental stagnation- point Nusselt numbers. As in figure 3, the circles, squares, and 
triangles represent the three nozzle sizes in order of increasing diameter. For the 
range of conditions considered (three nozzle diameters, four nozzle-to- target separation 
distances, and a range of nozzle exit Reynolds numbers), the figure shows good agree- 
ment, generally about a ±10 percent variation around the 45° line. 


Average Nusselt Numbers 

A comparison of correlated and experimental average Nusselt numbers is presented 
in figure 5 for z R /d ^ 7. The correlation equation for the average Nusselt numbers 
was found to be 


Nu = 2.98(Re) 0 ' 585 



( 8 ) 
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when all 47 sets of data were considered. The circles, squares, and triangles on the 
figure again represent the nozzles in order of increasing diameter. In general, figure 5 
shows good agreement between the correlated and experimental values for all three noz- 
zles sizes, four nozzle -to-target separation distances, and a range of nozzle exit Reyn- 
olds numbers. Generally, the data fall within ±10 percent around a 45° line. 


Ratio of Local to Average Nusselt Numbers 

The correlation equation for determining the ratio of local to average Nusselt num- 
bers was found to be 


Nu 



where 


(9) 


B = 


A A9 ^ /a \~ 0 . 221 

-0.143(Re) 0,0 ^(-) 

\D/ 



( 10 ) 


as determined from a least-squares curve fit of all data except stagnation- point data for 
z n /d as 7. Figure 6 shows a comparison of the correlated and experimental results. 

The circles, squares, and triangles again represent the nozzles in order of increasing 
diameter. 

Local values of Nusselt number can also be obtained by combining correlation (9) 
with the correlation for average Nusselt number. 


Comparison Between Correlations for Hemisphere and Semicylinder 

Figure 7 compares the ratio of local to average Nusselt numbers for a hemisphere 
with that for a semicylinder. The correlations used in this comparison are equations (9) 
and (10) of this report and equation (5) of reference 2. Values of dimensionless param- 
eters z n /d, d/D, and Re used to evaluate the correlations are taken from reference 3, 
which presents impingement data from a cooled turbine blade. In order that the semi- 
cylinder and hemisphere both of equal diameter have the same cooled area, the ratio of 
the center -to- center nozzle spacing to semicylinder diameter c /D must equal unity. 
(Area of semicylinder/area of hemisphere = 7rRc n /27rR = c n /2R = c n /D = 1. ) 
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The distributions shown in figure 7 are similar over the entire range, having a max- 
imum deviation of slightly over 2 percent at the extremes of the curve. At large values 
of the abscissa, the ratio of local to average Nusselt numbers is lower for the hemi- 
sphere than for the semicylinder. 

The agreement between these correlations, when evaluated with dimensionless 
parameters typical of a turbine blade, lends support to the correlation given in refer- 
ence 2. With this added support the designer can have more confidence when using this 
correlation in the design of the leading- edge region of turbine vanes and blades. 


SUMMARY OF RESULTS 

The results of an experimental study of the heat-transfer characteristics of a single 
turbulent air jet impinging on the concave surface of a hemisphere are as follows: 

1. Correlations are presented for local, stagnation-point, and average Nusselt 
numbers, and for the ratio of local to average Nusselt numbers. In general, the corre- 
lations and the data agree within about 10 percent. 

2. This ratio-of-local-to-average-Nusselt-number correlation compares favorably 
with a similar correlation for the concave surface of a semicylindrical shell. Such a 
favorable comparison substantiates the semicylinder correlation which is used in the 
design of turbine vanes and blades. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, May 18, 1973, 

501-24. 
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Ratio of nozzle Average Ratio of nozzle-to-target Reynolds I Local to average Nusselt number ratio 


to target Nusselt 
diameter, number, 

d/D Nu 


separation distance to number, 
nozzle diameter, Re 

z „/d I Nl 


for calorimeter locations 0 to 5 


0. 0413 

36.80 

59.97 

51.52 

25.10 

37.17 


58.49 

59.77 

23.41 

35.66 

56.06 


66.84 
22. 00 
34.82 
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62.74 


25.63 
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60.22 
66. 88 
57.51 
58.24 

0. 0620 

38.06 

60.01 

87.30 
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.736 
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.740 
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.758 
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.775 


15 
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30 
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59 
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83 
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15 
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31 
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61 
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78 
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15 
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32 

050 

61 
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78 

920 

16 

080 

31 
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61 
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88 
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16 

300 
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62 
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TABLE n. - CONSTANTS AND EXPONENTS IN CORRELATION EQUATIONS 


(a) Ratio of nozzle-to-target separation to nozzle diameter, z n , s7 


Equation Equation 
for- 


Constants and exponents 



aQ(constant) 

a^(exp of Re) 

a2(exp of d/D) 

a~(exp of z /d) 
o n 

2.04 

1.04 

0. 586 
. 554 

1. 10 
.300 

mm 

2.98 

. 585 

1. 10 

-.007 

143 

.023 

-.221 

-. 146 



(b) Ratio of nozzle-to-target separation distance to nozzle diameter, z 


Equation Equation 


Constants and exponents 



for- 

ag(constant 

a^exp Re) 

ag(exp of d/D) 

a 3 (exp of z n /d) 

Nu x 

2. 16 

0.475 

0.788 

0.107 

Nu o 

3.15 

. 519 

.275 

-.407 

Nu 

2.22 

. 477 

.804 

.238 

B 

-.405 

.052 

-.245 

1 

00 

yi 
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Experimental local Nussell number, Nu x ex p 


Figure 3. - Comparison between local Nusselt numbers 
on concave surface of 15. 36-centimeter' (6.05-in. -) 
diameter hemispherical shell calculated from corre- 
lation and from data. 
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Figure 4. - Comparison between stagnation-point Nusselt numbers on concave 
surface of 15. 36-centimeter- (6.05-in. -i diameter hemispherical shell cal- 
culated from correlation and from data. 



Figure 5. - Comparison between average Nusselt numbers over con- 
cave surface of 15. 36-centimeter- (6.05-in. -) diameter shell cal- 
culated from correlation and from data. 
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Ratio of experimental local to average Nusselt numbers, 
(Nu x /Nu>exp 


Figure 6. - Comparison between ratios of local to average Nusselt 
number on concave surface of 15. 36-centimeter- (6.05-in. -) 
diameter hemispherical shell calculated from correlation and 
from data. 



Ratio of cooled area from stagnation point to total cooled 
area, A x /A, ot 

Figure 7. - Comparison between Nusselt number ratio dis- 
tribution for a hemisphere with that for a semicylinder. 
Reynolds number, 5000; ratio of nozzle diameter to 
hemisphere diameter, 0.25; dimensionless nozzle-to-ta 
target separation distance, 5; dimensionless center-to- 
center nozzle spacing, 4. 
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